To identify the retinal origin of a cortical evoked potential elicited by transcorneal electrical stimulation of the visual system (EER), the response properties of retinal ganglion cells (RGCs) of cats to transcorneal electrical stimuli were studied. The discharge latency of RGCs to transcorneal stimulation had two peaks with a high temporal resolution. The latency of early components of the EER is associated with the discharge latency of RGCs. Some RGCs showed prominent oscillatory discharges after transcorneal stimulation. Discharges of ON-bipolar cells responding to transcorneal stimulation were significantly inhibited by intravitreal injection of DL-2-amino-4-phosphonobutyrate (APB), which blocks the ON-pathway. These findings indicate that the EER has far-field potentials that might relate to oscillatory discharges of RGCs, and that ON bipolar cells and their related synaptic sites are involved in transcorneal electrical stimuli. The far-field potentials of the EER may have clinical applications, similar to those of somatosensoric evoked potentials and auditory brain stem potentials.
Introduction
Phosphene is the visual sensation induced by stimuli other than light on the eyeballs. Potts, Inoue and Buffum (1968) first demonstrated that this phenomenon can be applied to an evoked potential, terming it the 'electrically evoked response of the visual system' (EER). Another name for this evoked potential is the 'visually electrically evoked potential' (VEEP) (Dorfman, Gaynon, Ceranski, Louis & Howard, 1987) .
The EER is the evoked visual potential elicited by transcorneal electrical pulse stimulation of the eyeball. The latency of the EER is shorter than that of the visual evoked potential (VEP) of the same subjective brightness, which suggests that at least one step in the retinal transmission chain has been bypassed (Potts et al., 1968) . Many investigations designed to identify the site of retinal excitation for the EER have been performed with clinical (Potts et al., 1968; Potts & Inoue, 1969; Miyake, Yanagida & Yagasaki, 1980a,b; Miyake, Yanagida & Yagasaki, 1980c; Miyake, Yanagida & Yagasaki, 1980d; Takei, 1988) and animal subjects (Potts & Inoue, 1970; Kawamura, 1986) . In rats with complete loss of photoreceptor segments and nuclei, it was discovered that the VEP and the electroretinogram (ERG) are completely absent, while the EER is normal (Potts & Inoue, 1970) . In patients with a dysfunctional rod or cone visual pathway, the EER is nearly normal (Miyake et al., 1980b) , although in patients with central retinal artery occlusion or optic nerve disease, the EER was reduced (Miyake et al., 1980c,d) . These findings indicate that the site activated by electrical stimulation in the retina is more proximal than the photoreceptor.
As of yet, the precise site first activated by electrical stimulation on the eyeball is still unknown.
To explore the neural mechanism of the EER, we investigated the response properties of retinal ganglion cells (RGCs) to transcorneal electrical stimuli. In some of our experiments, similarities or differences between the responses of retinal ganglion cell fibers to diffuse photic and to electrical stimulation were also investi-gated. In addition, the interaction between pulse-and light-induced activities was examined. To identify the site of the retina which was triggered by transcorneal electrical stimuli, we used a glutamate neurotransmitter analogue, DL-2-amino-4-phosphonobutyrate (APB) which blocks ON-bipolar responses, and injected it into the vitreous cavity, in order to discover whether or not the trigger site of the EER was related to bipolar cells.
Materials and methods

Animals
Adult cats were acutely anesthetized and paralyzed for single-unit study. All animal procedures conformed to the Guidelines of the Nagoya University School of Medicine on Animal Experiments and of the NIH in the US regarding the care and use of animals for experimental procedures. Response properties of optic nerve fibers to transcorneal electrical stimuli were studied using extracellular recordings in the optic tract or chiasma. We used 20 adult cats with body weights between 2.0 and 4.0 kg. These cats were also used in other experiments involving ERG and electroencephalography. The cats were anesthetized Initially with ketamine (30 mg/kg i.m.). Tracheal and venous cannulas were inserted. Their incisions and pressure points were infiltrated with a local anesthetic (Xylocaine). Anesthesia was maintained with pentobarbital sodium (2 mg/kg·h i.v.). The body temperature was kept near 37°C with a heating pad. All animals were placed and fixed on a stereotaxic apparatus, immobilized with gallamine triethiodide (20 mg/kg·h) and artificially ventilated. End-tidal CO 2 was maintained at 3.0 -3.5%. Pupils were dilated and accommodation was paralyzed with atropine sulfate, and nictitating membranes were retracted with phenylephrine hydrochloride. Soft contact lenses were used to make the retina conjugate with a translucent screen situated 57 cm in front of the cat. The fundus of each eye was projected onto the screen (Pettingrew, Cooper & Blasdel, 1979) , and the position of the optic disc and approximate area centralis were marked on the screen.
Classification of retinal ganglion cells
Most RGCs encountered had concentric receptive fields and were of two types: brisk sustained (X) and brisk transient (Y) . Fibers that responded with sustained firings to an optimal light spot 'on' for 20 s at the receptive field center were classified as X-ON, whereas those responding with sustained firing to a black spot 'on' over 20 s, X-OFF fibers. Those fibers which gave only vigorous firing lasting less than 3 s, either to a white or black spot, and had periphery effect (Mcilwain, 1964) were classified as Y-ON and Y-OFF, respectively. The light spot was 200 cd/m 2 against a background of 50 cd/m 2 . The black spot was 12.5 cd/m 2 against a background of 50 cd/m 2 . These conditions were similar to those used by Ikeda and Sheardown (1983) . Fibers classified as W cells (Stone & Fukuda, 1974) were not considered in this study. Units that could not unambiguously classified as X or Y were excluded from this study.
Electrical stimulation
For electrical stimulation, a contact lens with internal and external concentric bipolar electrodes was prepared and moistened with methylcellulose (Miyake et al., 1980a; Fukatsu, Miyake, Sugita, Saito & Watanabe, 1990; Fukatsu, Miyake, Sugita & Watanabe, 1991) . The device was mounted on the cornea and secured under the upper and lower lids. The internal and external electrodes were in contact with the cornea and eyelids, respectively. The view of the animal was not disturbed by this contact lens. A square pulse wave outward current (cornea cathode) was then applied. Stimulus pulses were 0.1-0.5 ms in duration, 10 mA in intensity, and 1 Hz in frequency. Response properties of X or Y axons were compared. In some cases, electrical and flash or spot light stimuli were applied simultaneously.
Recording and data analysis
A 5 mm-diameter craniotomy was performed and sealed with precooled 3% agar in normal saline. Tungsten-in-glass microelectrodes were penetrated vertically into the optic chiasm or tract. Field potentials were obtained by filtering at 1-100 Hz. Single units were recorded extracellularly. Unit spikes were electronically amplified through a bandpass filter between 100 Hz and 10 kHz and displayed with audio/visual devices. Responses of RGCs to electrical or photic stimuli were obtained as peri-stimulus time histograms (PSTHs). For this study, 50 responses were summed. Bin size was 1 ms when electrical or flash stimuli were used, and 10 ms when only spot light stimuli were used. PSTHs were compiled on-line for each 1.0 s cycle from the raw data. Raw data were stored on tape cassettes for further analysis, using a data recorder (TEAC R-71).
Drug administration
Intravitreal injections of APB (Sigma ® ) were made to study whether On-center bipolar cells were associated with the EER. A single dose of 1.5 mM APB was delivered in a volume of 50 ml to the vitreous through a 27 gauge needle inserted 6 mm posterior to the limbus. No retinal detachment or vitreous hemorrhage occurred. This actual drug concentration in the vitreous was estimated by dividing the quantity of drug injected by the approximate vitreal volume (2 ml).
Results
A total of 42 X-cells (21 ON-, 21 OFF-center) and 22 Y-cells (nine ON-, 13 OFF-center) were identified and analyzed in this study. Two peaks in latencies of the PSTHs of RGCs to transcorneal stimuli were found, as shown in Fig. 1 . Latencies of RGCs to transcorneal electrical stimuli ranged between 4 and 33 ms. The mean peak latency of PSTHs was 18.5 ms (SD=14.5). The 10 ms difference between two peaks of latencies is well associated with the difference between N1 and N2 of the EER of the cat previously reported (Fukatsu et al., 1990) . RGCs could be divided into three types, according to the properties of their responses to transcorneal stimuli: those that showed prominent oscillatory discharges (12/42 X cells, 17/22 Y cells), those that fired in particular latency but had few oscillatory discharges (27/64), and those that show remarkable inhibition (8/64). Fig. 2 shows representative data from units that fired in 10 ms (A) or 20 ms (B) latency. In (A), 68% of all the individual responses evoked spikes of 10 ms latency. In (B), almost the same number (66%) of responses evoked spikes of 20 ms latency. The high time resolution was obtained because the bin width of PSTHs was only 1 ms and the responses were limited to two or three bins in these figures. Inhibition after excitation was not observed in these two examples. Fig. 3 gives an example of cells that showed a cessation of firings upon transcorneal electrical stimuli. In the case of electrical stimulation alone, the cell showed almost no firings (second row). This cell was stimulated by a bright flash and fired after a latency of 40 ms from the stimulus onset (top row). Compared to the cases shown in Fig. 2 , the time resolution was poor when flash stimuli were used. This is because the bursts in response to photic stimulation tended to be longer in duration. When a simultaneous stimulation of bright flash and electrical stimulation of 200 ms duration at the same onset was used (third row), only responses of 57 ms latency were increased, and other responses were markedly reduced. With more intensive electrical stimuli, responses were more inhibited (4th or 5th row). In total eight of 64 cells showed comparable inhibition to transcorneal electrical stimulation.
Oscillatory discharges of 10-30 ms intervals after transcorneal electrical stimulation were observed, particularly in Y axons. Oscillatory discharges lasting over 100 ms were observed in 28.6% of X cells and 77.3% of Y cells. Figs 4(A) and (B) show two examples of these responses. Typical individual responses are shown in Fig. 4(C) , in which spikes with very high time resolution and at particular intervals are indicated.
Oscillatory discharges of OFF-center cells to transcorneal electrical stimuli were markedly reduced by simultaneous spot stimuli of light in the receptive field center (Fig. 5) . Spot light stimulus was left on in recording PSTHs in this case. No differences between ON-center and OFF-center cells in response to transcorneal electrical stimuli were detected.
Discharge frequencies between X and Y cells with particular discharge latencies or oscillatory discharges were compared using different stimulus durations ( Figs  6 A and B) . The only significant difference between X and Y cells was with oscillatory discharges of 100 ms stimulus duration. Although mean values of discharge Fig. 2 . Two representatives that had 10 or 20 ms peak latency in PSTH with a high temporal resolution. Different strength of electrical stimulation (intensity 10 mA, duration 100-500 ms) were applied. In both cases, responses in particular latency became apparent when electrical stimulation over 200 ms in duration was applied.
frequency were generally larger in Y cells than in X cells, the large variabilities resulted in differences that were not statistically significant (Fig. 6A ).
Response changes of X-ON and Y-OFF cells to intravitreal application of APB are presented in Fig. 7 . The configuration of the spikes was continuously moni- tored during the experiment. Discharges of X-ON cells evoked by transcorneal electrical stimuli were suppressed by intravitreal injections of APB. PSTHs to spot ON light stimulus on the receptive field center (A, left trace) show that the responses of this cell gradually decreased to zero over a period of 480 ms. After APB administration, these discharges during spot light ON (B, left) were inhibited, and discharges after spot light OFF (B, right) were within spontaneous firing level. Data to the left of the third and fourth rows (C, D) show responses that were inhibited by APB administration. Almost no discharges were observed within 200 ms from stimulus onset. The most intensive stimulation used in this experiment could not evoke responses in this cell after APB administration. On the other hand, responses of the OFF-center cell to transcorneal electrical stimuli did not change significantly after APB administration.
Discussion
The site of retinal excitation of the EER
It is generally accepted that the activated site for the EER in the retina is proximal to the photoreceptor (Potts et al., 1968; Potts & Inoue, 1969 , 1970 Miyake et al., 1980a,b,c,d; Takei, 1988; Kawamura, 1986) . However, the precise site in the retina that is initially activated by the EER is unknown. Both Crapper and Noell The light spot was flashed on and off at 500 ms intervals; responses to 32 applications of the stimulus were averaged. The bin width of PSTH was 10 ms. (B) illustrates the schema of this experiment. The top row of (C) indicates PSTH to transcorneal electrical stimuli (10 mA, 300 ms). The bottom row of (C) shows the change of the above PSTH evoked by simultaneous spot stimuli of light in the center region of the receptive field or in the ON +OFF region. The diameter of the central OFF region was 1.4°and that of the ON + OFF region was 6.8°. The eccentricity of the receptive field was 23°.
(1963) and Knighton (1975) hypothesized that electrical stimuli act on the synaptic terminal of the photoreceptor cells. Crapper & Noell reached this conclusion by a process of elimination and Knighton supposed this hypothesis in the theoretical considerations in the appendix of his paper. Slaughter and Miller (1981) have found that a glutamate agonist, APB, eliminates the light responses of depolarizing bipolar cells (ON-bipolars), but has no significant effect on any other retinal cells. Nevertheless, this leaves open the possibility that APB could also act on the bipolar and ganglion cell levels in the ON pathway. After APB administration, responses of RGCs to transcorneal electrical stimulation were significantly reduced. This suggests that the ON bipolar cells and their related synaptic sites are involved in transcorneal electrical stimulation.
Oscillatory discharges of RGCs in response to transcorneal electrical stimuli
One of the most characteristic findings in the data presented here were oscillatory discharges of RGCs evoked by transcorneal electrical stimuli. In our previous study of LGN neurons, we observed the same phenomenon, particularly in the responses of Y-type LGN neurons (Fukatsu et al., 1991) . In this study, also, more Y cells than X cells showed oscillatory discharges. Quantitative analysis of spike discharges, however, indicated no statistical differences between the two except with 100 ms stimulus duration. No information about the difference between X-and Y-cells is provided in the present study.
It has been reported that spot stimulus that only includes the excitatory center-region of the neuronal receptive field cannot evoke oscillatory discharges (Ariel, Daw & Rader, 1983) . This means that the principal mechanism that produces oscillatory discharges is in the center-surround of the neuronal receptive field. Our findings also support this view.
Intense, diffuse photic or electrical stimuli tend to evoke oscillatory potentials or discharges. Transcorneal electrical pulses stimulate a wide retinal area because of the high conductivity of the vitreous humor and a high resistance of uniform distribution at the outer retina surface (Crapper & Noell, 1963) . Thus, the oscillatory mechanism may be related to interactions between center-and surround-regions of receptive fields of neurons. The ON and OFF channels that are first constituted in the bipolar cell level remain separate; the surround of the receptive field is produced as a result of the inhibitory action of the horizontal cell system (Schiller, 1992) .
It has been reported that four GABA mediated feedback or feedforward circuitries exist in the retina (Chun & Wässel, 1989) . The first stage of GABA action at the photoreceptor pedicles is a negative feedback from the horizontal cells. The second stage is the modulation of the bipolar cell axons by GABA-ergic amacrine cells onto ganglion cells. The third stage is the interplexiform cell feedback between IPL and OPL. The fourth stage is the feedforward inhibition of GABA-ergic amacrine cells onto ganglion cells. According to the information above concerning the center-surround mechanism of the receptive field, the first stage may contribute to oscillatory discharges caused by flash or transcorneal electrical stimuli. Yokoyama, Kaweko and Nakai (1964) demonstrated that there is a close correlation between oscillations of the optic nerve or tract and those simultaneously recorded in the ERG. It has been reported that certain amacrine cells of the catfish retina produce spontaneous oscillations (Sakai & Naka, 1990) and that amacrine cells contribute oscillatory potentials in the mudpuppy retina (Wachtmeister & Dowling, 1978) . Therefore, the fourth stage may also contribute to oscillatory discharges evoked by flash or transcorneal electrical stimuli. Thus, at least two stages mediated by GABA might produce the sequence of excitation and inhibition seen in response to a single electrical stimulus.
Inhibitory responses of RGCs in response to transcorneal electrical stimuli
All RGCs encountered in this study were excited by spot ON or OFF stimuli, whereas some of RGCs showed a cessation of firings in response to transcorneal electrical stimuli. The peripheral region of the retina is stimulated more strongly than the central region by transcorneal electrical stimuli (Kawasumi, 1985) . A possible explanation for this is that the receptive field of these cells might be situated in the central region of the retina. Therefore, these cells were not excited because transcorneal electrical stimuli did not effectively act on the center of the receptive field, whereas an inhibitory effect by the surround of the receptive field was observed. However, no significant differences in the eccentricities of the receptive field between suppressed and excited cells responding to transcorneal electrical stimuli were detected in this study. Further study is needed to explain these findings.
Properties of the EER for clinical application
The discharge latency of many RGCs was associated with early components of the EER, P1-N1 or P2-N2. Thus, the neural basis of the difference in timing between N1 and N2 of the EER is found in the retina. However, we did not see a difference in retinal physiology between N1 and N2 in this study. The current source density analysis of the EER has revealed that the positive components of the EER should be far-field potentials (Shimazu, Miyake, Fukatsu & Watanabe, 1996) . Our results support the previous finding. The component regarded as far-field potential is not observed in the visually-evoked cortical potentials. Moreover, it is a well-documented fact that far-field potentials are not related to consciousness or anesthetic level and well recorded repeatedly. Therefore, the EER has the potential to be used both preoperatively and intraoperatively to assess visual viability, as do other evoked potentials with far-field potentials, such as the somatosensoric evoked potential and auditory brain stem potentials.
Electrical stimulation of the retina is especially useful in demonstrating the precise relationship between excitation and inhibition because of its high time resolution (Crapper & Noell, 1963) . This was also demonstrated in our study. Photic stimulation alone is apt to blur this relationship due to complexities in the photochemical transduction process of the receptor's outer segment. This is where the EER can be very useful. When we need to investigate the precise responsiveness of the retina, without being influenced by the receptor's outer segment, the EER is currently the only clinically available method, especially in eyeballs with hazy media. In the future, if retinal pigment epithelium implantation becomes clinically available, functional tests using transcorneal electrical stimuli might be beneficial when used as a preoperative examination.
